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Comparative genomicsThe importance of microRNAs at the post-transcriptional regulation level has recently been recognized in
both animals and plants. We used the simple but effective sequential method of ﬁrst Blasting known animal
miRNAs against the horse genome and then using the located candidates to search for novel miRNAs by RNA
folding method in the vicinity (+−500 bp) of the candidates. Here, a total of 407 novel horse miRNA genes
including 354 mature miRNAs were identiﬁed, of these, 75 miRNAs were grouped into 32 families based on
seed sequence identity. MiRNA genes tend to be present as clusters in some chromosomes, and 146 miRNA
genes accounted for 36% of the total were observed as part of polycistronic transcripts. Detailed analysis of
sequence characteristics in novel horse and all previous known animal miRNAs were carried out. Our study
will provide a reference point for further study on miRNAs identiﬁcation in animals and improve the
understanding of genome in horse.© 2009 Elsevier Inc. All rights reserved.Introduction
The importance of post-transcriptional regulation by small non-
coding RNAs has recently been recognized in both prokaryotes and
eukaryotes [1]. MicroRNAs (miRNAs), approximately 22 nucleotides
(nt) long, are a large class of small non-coding RNAs (ncRNAs), which
play important roles in post-transcriptional gene expression control
[2]. Many previous studies have showed that multicellular eukaryotes
used miRNAs to regulate basic cellular functions including prolifera-
tion, differentiation, and death [3]. miRNAs can negatively regulate
gene expression through recognizing completely and partially
complementary sequences in target mRNAs for mRNAs cleavage or
inhibition of mRNAs translation [4–6]. In animals, target genes are
recognized by miRNAs through miRNA-complementary sites located
at the 3′-untranslated regions (UTR), whereas plant miRNAs usually
recognize one motif in the coding region of their targets [7–11].
The domestic horse, Equus caballus, is a member of themammalian
order Perrisodactyla. Thewhole horse genomewas initially assembled
and released in 2007 which expected to help identify functional
genome features common to all mammals. Since horse and human
share a number of medical conditions (such as allergies and arthritis),
mapping disease genes using horse populations may in turn beneﬁt
human health [12]. The analysis of the horse genome has progressed
rapidly during the past years [13–16]. Although more and morell rights reserved.miRNAs have been identiﬁed in diverse animal and plant species
during recent years, there are no reports about miRNAs in horse
genome so far and no records existed in current several miRNAs
databases [17–19]. There are three methods for identifying miRNAs:
the cloning approach, NextGen sequencing approach and computa-
tional approach. However, cloning and NextGen sequencing are not
highly efﬁcient approaches to ﬁnding miRNAs, so computational
approach has been widely applied to identify miRNA in animals such
as human, Drosophila, Zebraﬁsh, Rhesus, Bombyx and in diverse plant
species [10,11,20–27]. At present, the computational approach can be
divided into three types: ab initio prediction based on sequence and
structure features, comparative genomic approach based on evolu-
tionary conservation and the integrated approach. Animal genomes
encode very large numbers of candidate hairpins that are plausible as
miRNA precursors. However, the number of real miRNA precursors is
much smaller [28]. Because of the large number of raw hairpins, Liu
[28] maintained that comparative genomic approach can act as an
essential ﬁlter to distinguish between bulk genomic hairpins and ones
with possible regulatory activity. The basis for comparative genomic
approach is to use both pre-miRNA and mature miRNA sequence
conservation across species coupled with the predictable hair secon-
dary structures to reveal orthologs and paralogs of known miRNAs.
However, the precursor sequence is less conserved compared with
mature miRNA [29]. Therefore comparative genomic approach alone
failed to detect low and non-conservative miRNAs across genomes. In
addition, the major of other RNAs, such as rRNA, tRNA and mRNA can
also fold into hair secondary structures [30], which reduced prediction
accuracy. The integrated approach could not only identify high-
Table 1
Major sequence characteristics of the newly identiﬁed horse and all previous known animal pre-miRNAs.
Characteristics Horse All other animals P
Minimal Maximum Median Mean Stand derivation Minimal Maximum Median Mean Stand derivation
Sequence length (nt) 52 134 76 78.15 14.75 47 177 86 87 15 b0.0001
A (%) 8.25 40.00 23.08 23.26 6.05 2.75 46.32 23.61 23.61 5.73 0.19
C (%) 6.25 40.00 22.09 22.10 5.63 3.13 45.45 21.57 22.04 5.61 0.92
G (%) 6.56 44.94 25.00 25.63 5.67 9.57 53.19 25.29 25.56 5.31 0.66
U (%) 11.67 43.04 28.89 29.01 5.64 29.07 48.28 29.07 28.79 5.77 0.58
G+C (%) 19.67 43.04 47.44 47.73 9.76 19.32 86.36 46.77 47.60 9.46 b0.0001
A+U (%) 26.97 80.33 52.56 52.27 9.76 13.64 80.68 53.23 52.40 9.46 0.66
G/C 0.50 5.2 1.16 1.21 0.38 0.44 10.00 1.17 1.21 0.33 0.44
U/A 0.64 3.63 1.25 1.32 0.41 0.33 6.33 1.21 1.28 0.40 0.07
Fig.1. The length distribution of novel horse and all previous knownanimal pre-miRNAs.
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conserved microRNAs.
In this study, we reported an improved integrated computational
approach based on previously reported algorithms [31], and applied
this improved integrated approach to scan horse genome for
identifying conservative and non-conservative novel miRNAs. Further,
we examined the sequence characteristics found in novel horse and all
previous known animal miRNAs. We hope that our study provides a
starting point for further study on miRNAs identiﬁcation in animals
and improves the understanding of microRNAs in horse genome.
Results and discussion
Novel microRNA genes in horse genome
We used the improved integrated computational approach to scan
the horse genome sequences used for identifying novel conservative
and non-conservative miRNA genes. As a result, a total of 407 novel
miRNA genes including 354 mature miRNAs located in 3′ or 5′ arm of
the stem-loop hairpin structures were identiﬁed (see Appendix). The
number of the miRNA genes is greater than the number of mature
miRNAs because mature miRNAs can be derived from two or more
pre-miRNAs [4,20]. Liu et al. [28] suggested that every pre-miRNA
hairpin has the inherent property of being able to generate two
distinct regulatory RNAs which has been conﬁrmed by many recent
studies in animals and plants [27,32–34]. The mature miRNAs can be
transcribed and processed from sense and antisense transcripts
derived from the same genomic loci. Here, we found 51 pairs of
miRNAs and miRNA⁎ (= opposite strand miRNA) accounting for
14.37% of all novel mature miRNAs. The detailed information of novel
horse miRNA genes including sequence of the pre-miRNAs and the
mature miRNAs, minimal folding free energy (MFE), P values and
positions in chromosomes are listed in Appendix. In order to
investigate the effect of our integrated approach, we took comparative
genomic approach alone to identify horse miRNAs. However, only 353
novel horse miRNA genes were identiﬁed and 54 miRNA genes were
not detected. Results showed that our integrated approach is more
effective than comparative genomic approach alone to identify
conservative and non-conservative novel miRNA genes.
Sequence characteristics of novel horse and all previous known animal
pre-miRNAs and mature miRNAs
Sequence characteristics of pre-miRNAs and mature miRNAs in
plants have been reported in recent studies [10,27]. However, in our
current knowledge, there are little research on the sequence
characteristics of pre-miRNAs and mature miRNAs in animals. So we
carried out detailed analysis to sequence characteristics of novel horse
and all previous known animal pre-miRNAs and mature miRNAs, and
proceed to make a comparison between them.
All major sequence characteristics of the newly identiﬁed horse
and all previous known animal pre-miRNAs are summarized inTable 1. In our study, the length of these newly identiﬁed horse miRNA
precursors vary from 52-nt to 134-nt with an average of 78-nt±29-nt
and all previous known animal miRNA precursors vary from 47-nt to
177-nt with an average of 87-nt±29-nt (Table 1 and Fig. 1), which is
consistent with previous reported pre-miRNA in animals [20,21,28].
The statistical signiﬁcance between the mean values of horse and
other animals are given in Table 1. The base composition in horse and
other animal miRNA precursors is almost identical except for length
and content of G+C. The frequency of four nucleotides (A, C, G, and U)
is uneven in animal pre-miRNAs sequences. U has higher frequency
accounting for 29.01%±11.05% than other three nucleotides (average
23.66%±11.34%), and pre-miRNA sequences contained more A+U
nucleotides than G+C (Table 1). Zhang et al. [30] suggested that pre-
miRNA secondary structure is less stable because of a higher A–U
content, and easier to be processed into mature miRNA by the RISC
complex. We also found that the ratio of G/C and U/A is 1.21±0.74
and 1.32±0.80 in newly identiﬁed horse pre-miRNAs, 1.21±0.65 and
1.28±0.78 in other previous animal pre-miRNAs respectively sug-
gesting that animal pre-miRNA sequences contain approximately 20%
G and approximately 30% U more than C and A respectively. These
results are consistent with recent study in plants [27], which
demonstrated that base composition in animal pre-miRNA sequences
and plant pre-miRNA sequences had similar pattern. The difference of
length between horse and other animal miRNA precursors might be
because our improved integrated approach gives too short segments
as predicted pre-miRNAs.
Bonnet et al. [35] have demonstrated that microRNA precursors,
unlike other non-coding RNAs, have lower folding free energy than
random sequence. Minimal folding free energy has been considered as
one of important features to identify new miRNA genes in
previous prediction methods [29,36]. Here, these newly iden-
tiﬁed horse miRNA precursors have negative minimal folding free
energies, ranging from −16 to −66 kcal mol−1 with an average of
Fig. 2. The length distribution of novel horse and all previous known animal mature
miRNAs.
127M. Zhou et al. / Genomics 94 (2009) 125–131−34.22±17.88 kcal mol−1. However, MFEs are strongly and posi-
tively correlated with their sequence length [27]. To normalize the
potential effect of sequence length on MFE and to better distinguish
miRNAs from other RNAs, Zhang et al. [30] put forward twomeasures:
adjusted MFE( AMFE) and minimal folding free energy index (MFEI),
and demonstrated that a candidate RNA sequence is more likely to be
an miRNA when the MFEI is greater than 0.85. Here, MFEIs of horse
pre-miRNAs ranged from 0.40 to 3.40 with an average of 0.96±0.588,
and a majority of novel horse miRNAs have an MFEI value larger than
0.85.
We further studied the distribution of the length mature miRNAs
(Fig. 2) and base composition at each position (Fig. 3). As shown inFig. 3. The percentage distribution of base composition at each position in hFigs. 2 and 3, the sequence characteristics of mature miRNAs in horse
and all previous known animals are also identical. The length of
mature miRNAs in animals is in the range from 16-nt to 28-nt, and
22-nt long mature miRNAs are greatest part. By and large, animal
mature miRNAs tend to use more A+U than G+C, especially prefer to
use U most frequently at the 5′ end which was observed in recent
studies [20,26]. Zhang et al. [10] previously reported that U is the
predominant nucleotide at the 5′ end of mature miRNA sequences in
plants and proposed that U may play an important role in miRNA
biogenesis through recognition of targeted miRNA precursors by the
RNA-induced silencing complex (RISC). In plants C is the dominant
nucleotide at position 19 which is not observed at position 19 in
animal mature miRNA sequences. Instead, C is preferred to use the
least for the other three nucleotides at position 19 in novel horse and
other known animals mature miRNAs sequences. On the whole, there
is obvious consistency in the nucleotide composition at most of
positions along the mature miRNA sequences between horse and
other animals. However, A is used less frequently at position 23 in
newly identiﬁed horse miRNAs (21.00%) than in other animals
miRNAs (27.05%), and A+U tends to be used more frequently after
position 23 in horse miRNA (70.00%) than in other animals miRNAs
(61.77%), especially A in horse miRNA (35.00%) than in other animals
miRNAs (16.18%).
Pre-miRNAs tend to form a stem-loop hairpin in their secondary
structure. However, a stem-loop structure is not a unique characteristic
of miRNAs [4]. Themajor of other RNAs, such as rRNA, tRNA andmRNA
also can fold into hairpin secondary structures [30]. So we believe that
all these sequence features found in our study may provide references
for further study on miRNAs identiﬁcation in animals.orse (A) and all previous known animal (B) mature miRNA sequences.
Fig. 4. The distribution characteristics of miRNA genes in horse genome. The relative locations of 407 miRNA genes are showed across 32 horse chromosomes. Black vertical lines
represent the miRNA gene, the depth of color represents the number of miRNA genes in this region.
128 M. Zhou et al. / Genomics 94 (2009) 125–131Analysis of miRNA genes clusters and transcriptional units
In order to learn more distribution characteristics of miRNA genes
in horse genome, we mapped all horse miRNA genes onto horseFig. 5. The number of miRNA genes and the density across 32 horse chromosomes. The blue l
the density distribution.genome in UCSC Genome Bioinformatics (UCSC version equCab2) [37]
(see Appendix and Fig. 4). Fig. 4 shows the location of 407 miRNA
genes across the 32 horse chromosomes, of which 407 miRNA genes
are distributed throughout 30 chromosomes except for chromosomesine represents the distribution of number of miRNA genes and the green line represents
Table 2
Polycistronic miRNAs in horse genome.
Chr Transcript members Strand Positions in Chra
1 miR-7, miR-1179 − 94574955–94578323
2 miR-30c, miR-30e − 17432728–17435741
2 miR-429, miR-200a, miR-200b − 48453025–48455139
2 miR-302a, miR-302b, miR-302c, miR-302d, miR-367 + 113629073–113629726
4 miR-653, miR-489 − 37127473–37128276
4 miR-96, miR-183 − 84471772–84472071
4 miR-29a, miR-29b − 85326728–85327187
5 miR-15b, miR-16 + 15685189–15685404
5 miR-29b, miR-29a + 30271159–30271810
6 miR-200c, miR-141 + 34423082–34423561
7 miR-34b-5p, miR-34b-3p, miR-34c + 20101138–20101791
7 miR-27a, miR-24 + 44930018–44930230
8 miR-301b, miR-130b + 3382781–3383190
10 miR-99b, let-7e, miR-125a-5p, miR-125a-3p + 21370890–21371640
11 miR-451, miR-144 − 42750408–42750646
11 miR-195, miR-497 − 50048869–50049274
12 miR-192, miR-194 − 25044213–25044509
13 miR-25, miR-93, miR-106b − 8034246–8034760
14 miR-145, miR-143 − 28433270–28434757
17 miR-15a, miR-16 + 21138770–21138996
17 miR-17, miR-18a, miR-19a, miR-19b, miR-20a, miR-92a + 61792403–61793189
23 miR-27b, miR-23b, miR-24 − 2317177–2317997
24 miR-431, miR-433, miR-127, miR-432, miR-136 + 42745020–42748746
24 miR-379, miR-411, miR-299, miR-380, miR-1197, miR-323-5p,
miR-323-3p, miR-758, miR-495, miR-543, miR-1193, miR-494, miR-329
+ 42894643–42906165
24 miR-376c, miR-485-3p, miR-485-5p, miR-376b, miR-376a, miR-1185,
miR-381, miR-487b, miR-539, miR-889, miR-544, miR-655, miR-487a, miR-382, miR-134
+ 42911104–42926058
24 miR-154, miR-496, miR-377, miR-541, miR-409-5p, miR-409-3p,
miR-412, miR-369-5p, miR-369-3p, miR-410, miR-656
+ 42930163–42937088
25 miR-181a, miR-181b + 28672637–28673989
26 miR-99a, let-7c + 15508980–15509798
30 miR-215, miR-194 − 10337621–10338009
X miR-221, miR-222 − 37090647–37091535
X miR-421, miR-374b − 55435819–55436055
X miR-545, miR-374a − 55500412–55500667
X miR-363, miR-92a, miR-19b, miR-20b, miR-18a, miR-106a − 106691883–106692781
X miR-450b-5p, miR-450b-3p, miR-450a, miR-451a, miR-542-5p, miR-542-3p − 106948655–106949821
X miR-503, miR-424, miR-322 − 106954623–106955056
X miR-105, miR-767-5p, miR-767-3p − 120986968–120988554
X miR-532-5p, miR-532-3p, miR-188-5p, miR-188-3p + 40068463–40068914
X miR-500, miR-362-5p, miR-362-3p, miR-501-5p, miR-500, miR-501, miR-660, miR-502-5p, miR-502-3p + 40073284–40077486
X miR-1912, miR-1264 + 90706739–90707935
a Position of polycistronic miRNAs in horse genome.
129M. Zhou et al. / Genomics 94 (2009) 125–13129 and 31. Furthermore, these miRNA genes tend to be present as
clusters in some chromosomes, such as chromosome 24 containing 55
miRNA genes which were located in two clusters. This phenomenon
is similar to previous ﬁndings in other animal species [20,21,24,26,
38–40]. In human 48% miRNA genes appear as clusters within 10 kb
[38]. Cluster miRNA-367/302 containing miR-367 and four members
of miR-302 family are located on chromosome 2 in horse genome
which is also found located on human chromosome 4 and rhesus
chromosome 5. Cluster miR-17/92 which can function as oncogenes
and promote tumorigenesis has been reported to be highly con-
servative among human, rhesus, mouse and rat [26,41], this cluster
containing six genes (miR-17, miR-18a, miR-19a, miR-19b, miR-20a,
miR-92a) also appears in horse chromosome 17. These results show
that these two clusters may be well conserved in animals.
In addition, we further studied the relationship between the
number of miRNA genes and the density across 32 horse chromo-
somes (Fig. 5). Here, density was deﬁned as the number of miRNA
genes per Mb. As shown in Fig. 5, chromosomes 11, 24 and X have the
highest density of miRNAs per Mb.We considered that whether or not
there is correlation between density and length of chromosome. We
found that there is no correlation between the density and length of
chromosome (Spearman's ρ=0.07).
Previous expression analysis has demonstrated that miRNA
genes could be treated as part of polycistronic transcripts and have
similar expression patterns, transcription of these miRNA genes iscontrolled by a common regulatory element [24,42,43]. Thatcher
et al. [24] have maintained that understanding which miRNAs are
transcribed as part of polycistronic transcripts will facilitate
identiﬁcation of potential targets. Here, we used 3 kb as a distance
between miRNAs to determine whether miRNAs could be classiﬁed
as part of polycistronic transcripts as described previously study
[24,42,43]. Predicted polycistronic transcripts of miRNAs in horse
genome are shown in Table 2. 146 miRNA genes accounting for 36%
of the total are observed as part of polycistronic transcripts
suggesting that many horse miRNAs are encoded within polycis-
tronic transcripts. However, this number is less than found in
zebraﬁsh genome (50%).
miRNA genes families in horse genome
MiRNA families have been reported in many species. Analysis of
miRNA families reveals a predominant trend in which duplicated
miRNA genes are most similar in their seed regions [28]. The seed
region is deﬁned as nucleotides 2–7 from 5′ end of mature miRNA
sequences [44]. The implications for miRNA gene ampliﬁcation are
still unknown. However, miRNA genes with multiple copies may
augment or amplify the physiological functions of individual miRNA
gene [26]. So all newly identiﬁed horsemiRNA genes were screened to
identify miRNA genes families in horse genome as previously
described base on sequence identity within the seed region [24].
Fig. 6. Overview of in silico detection of novel conservative and non-conservative
miRNA genes.
Table 3
Newly identiﬁed miRNA families in horse genome.
Seed Family members
UCCCUU miR-204, miR-211
GAGAAC miR-146b-5p, miR-146a
GUAAAC miR-30b, miR-30c, miR-30d, miR-30e
AAGUGC miR-302a, miR-302b, miR-302c, miR-302d
AACACU miR-200a, miR-141
GAUAUG miR-190, miR-190b
CAGUGC miR-148a, miR-148b-3p
AGCACC miR-29a, miR-29b, miR-29c, miR-29d
AGGUAG miR-196a, miR-196b
AGCAGC miR-15a, miR-15b
CAGUAG miR-199a-3p, miR-199b-3p
AUGGCU miR-135a, miR-135b
UCACAU miR-23a, miR-23b
UCACAG miR-27a, miR-27b
ACCCGU miR-100, miR-99a
GGCAGU miR-34b-5p, miR-34c
CCCUGA miR-125a-5p, miR-125b-5p
GGAAUG miR-1, miR-206
UUGGUC miR-133a, miR-133b
AGUGCA miR-130b, miR-301a, miR-301b-3p
GUAAAC miR-30b, miR-30c, miR-30d, miR-30e
ACCCUG miR-10a, miR-10b
UGACCU miR-192, miR-215
AUUGCA miR-25, miR-92a
GCAGCA miR-107, miR-103
AAAGUG miR-106a, miR-17, miR-20a, miR-20b
GUGCAA miR-19a, miR-19b
UCAUAG miR-376a, miR-376b
UGCAUU miR-33a, miR-33b
AGCAGC miR-424, miR-322
UAUAAU miR-374a, miR-374b
UUUGCG miR-450a, miR-451a
130 M. Zhou et al. / Genomics 94 (2009) 125–131Among 354 horse mature miRNAs, 75 miRNAs are grouped into 32
families (Table 3).
Conclusion
Based on our improved integrated computational approach, we
identiﬁed 407 novel miRNA genes including 354 mature miRNAs, of
which 75 miRNAs are grouped into 32 families. All miRNA genes are
distributed throughout 30 chromosomes except for 29 and 31
chromosomes in horse genome. Furthermore, these miRNA genes
tend to be present as clusters in some chromosomes. All major
sequence characteristics of novel horsemiRNAs including AMFE,MFEI,
the contents of A, C, G, U, A+U content, G+C content, base
composition of pre-miRNA sequences and base composition at each
position of mature miRNA sequences were examined in our study.
These ﬁndings will be useful for further miRNAs identiﬁcation in
animals and plants, and will quicken the pace of progress in horse
genome research.
Materials and methods
Sequences data
All previous known animal mature microRNAs were obtained
from the miRBase Sequence Database, release 12.0 [17]. Most of
these were identiﬁed or veriﬁed by experiments and others were
computationally predicted as their close homologs. To avoid the
redundant or overlapping miRNAs, we extracted the non-redundant
miRNA sequences as query sequences for BLAST search. The geno-
mic sequence of horse was downloaded from UCSC Genome
Bioinformatics, UCSC version equCab2 [37]. Chromosomal location
of novel horse miRNAs was determined at UCSC Genome Bioinfor-
matics [37].In silico detection of novel horse miRNA genes
Here, we improved Nam's (2006) integrated algorithms which
screened the novel hairpin candidates to distinguish real miRNA
precursors from pseudo miRNA precursors with similar stem-loops
using random forest prediction model and considering more combined
features. This will reduce the noise introduced by “bulk genomic
hairpins”. The overview of in silico detection of novel horse miRNA
genes was presented in Fig. 6. First, all known animal mature miRNAs
were compared to the horse genome using BLASTN to identify potential
miRNA candidates with a sensitive BLASTN parameter setting (word-
length 7 and E-value cutoff 10) [29], and miRNA candidate sequences
with b5 mismatches considering sequence variations against known
miRNAs were adopted. Second, previous studies have showed that
miRNA genes emerged as clusters or as part of polycistronic transcripts
within several kb distances in animal genomes [24,38,45]. Therefore, it
is likely that additional miRNAs can be discovered in the genomic
regions around the loci of known miRNAs [36]. Here sequences of 500-
nt upstream and 500-nt downstream to the potentialmiRNA candidates
were extracted and then were predicted hairpin structure with 80 nt-
sliding window with a step of 10 nt using the Zuker folding algorithm,
as implemented through the softwareMFOLD (version 3.2) [46,47]. The
software default parameters were used to predict the secondary
structures of the selected sequences. Third, the novel hairpin candidates
were screened for distinguishing real miRNA precursors from pseudo
miRNA precursors with similar stem-loops using random forest
prediction model by web-based software MiPred [36]. All MiPred
outputs including the minimum of free energy (MFE) and prediction
conﬁdence of the random forest classier were recorded. Through the
above analysis, conservative and non-conservative novel miRNA genes
can be identiﬁed.
Analysis of characteristics of novel microRNA genes in the horse genome
The minimal folding free energy (MFE) of the secondary structure
and the P value of randomization test for our newly identiﬁed horse
131M. Zhou et al. / Genomics 94 (2009) 125–131miRNAs were obtained through web-based software MiPred [36]. The
adjusted minimal folding free energy (AMFE) was calculated by
(MFE×length of RNA sequence)×100 and the minimal folding free
energy index (MFEI) was calculated by AMFE/ (G+C) % as Zhang
described [30]. All data on sequence characteristics in novel horse and
all previous known animal miRNAs, including the contents of A, C, G,
U, A+U content, G+C content, base composition of pre-miRNA
sequences and base composition at each position of mature miRNA
sequences were processed using PERL scripts. These novel miRNA
genes were determined whether to as part of polycistronic transcripts
and whether to place in the same family as described previously [24].
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